another population in medium with deuterium-substi-
tuted leucine or 13 C-labeled arginine, making their pepimmunoprecipitation procedures using lysates from attached and nonattached cells. This technique was tides distinguishable by mass spectrometry. This ladesigned to highlight attachment-dependent interacbeled population and a control group can then be tions and not merely to distinguish specific interactions subjected to different stimuli and combined prior to furfrom nonspecific ones. We encoded all the proteins in ther purifications, as peptides derived from the labeled one of two cell populations of MRC5 human lung fibrosample can be distinguished in the mass spectrometer blasts, a nontransformed cell line, by metabolically lafrom those peptides originating from the nonlabeled beling with deuterium-substituted leucine, LeuD3 (Figsample. During mass spectrometric analysis, the relative ure 1A) (Ong et al., 2002) . One set of cells was lifted peak intensities between the labeled and unlabeled pepfrom the plate and maintained in suspension to allow tide are quantitative, providing an elegant way to evalufocal adhesions to disassemble, while the other populaate the effects of a treatment on a large number of tion was untreated. Equal amounts of proteins from the proteins in a single experiment. Heavy and light forms lysates were combined and then subjected to immunoof peptides from proteins unaffected by the treatment precipitation with monoclonal antibodies against talin, will show equal intensities while those from proteins paxillin, or vinculin. Both the heavy (LeuD3) and light responsive to the differential condition will be more (Leu) forms of the targets will be precipitated in this strongly represented by one form or the other. We have step, in addition to protein complexes containing the previously applied SILAC to identify authentic lipid raft target from either condition. Proteins in the immune proteins in biochemical preparations complexes were eluted and prepared for analysis by and to identify signal-dependent protein interactions in LC-MS/MS as described in Experimental Procedures. recombinant protein pulldowns (Blagoev et al., 2003) .
Measured fragmentation spectra of each observed pepOther labeling strategies have been successfully applied tide were matched to the corresponding tryptic sein a similar fashion. For example, the isotope-coded quence in a nonredundant database of H. sapiens proaffinity tag (ICAT) method has been used to study RNA teins to arrive at lists of identified proteins. Subsequent polymerase preinitiation complexes and STE12 protein quantitative analysis of the mass spectra revealed at-
complexes (Ranish et al., 2003). tachment-dependent interacting proteins as determined In this report, SILAC was used to differentiate between by the higher peak heights of LeuD3 versus Leu peptides proteins that have adherence-dependent and adher-(Figure 1B
. Peptides from proteins where the heavy and ence-independent interactions with talin, paxillin, and light forms precipitated equally will appear with equal vinculin isolated from floating and adherent MRC5 lung intensities in the mass spectrum and thus have a ratio fibroblast cells. This strategy was designed to discover near 1. Among proteins expected and observed to have proteins with a functional interaction with three promiratios near 1 were the respective target proteins (e.g., nent members of focal adhesions. Identification of many paxillin in the paxillin immunoprecipitate) and highly proteins was expected but only those proteins that bind abundant cytosolic proteins (e.g., heat shock proteins, more strongly to one of the targets in adhered cells glycolytic enzymes) that bind nonspecifically to the (revealed by the ratio of light to heavy peptides) are beads. In addition, any protein that binds specifically to defined as functional, adhesion-dependent interactors.
the target in a nonattachment-dependent manner will We reasoned that knowledge of the proteins that interact also have a ratio near 1. with these central players in cell attachment in a funcWe performed multiple, independent IPs for each of tional manner may reveal mechanistic details about the talin, vinculin, and paxillin-a total of nine different quanbiology of cell attachment. Application of this strategy titative proteomics experiments. As an additional confiridentified several known focal adhesion proteins as exmation of the differentially interacting proteins, the vinpected, along with a number of novel and unexpected culin IP was repeated in an additional experiment, proteins. A subset of these unanticipated proteins was labeling cells with 13 C6-arginine instead of LeuD3. We examined by fluorescent confocal microscopy and in examined the ratios for the proteins discussed below cell spreading assays. RACK1, reported recently to be and found differential interaction in each case, thereby involved in regulation of cell migration, was identified increasing our confidence in the ratios obtained from here as a protein that is bound to vinculin in an attachthe SILAC strategy. Excluding obvious contaminants ment-specific manner. We also demonstrate that memsuch as keratins, 282 unique proteins were identified bers of two families of RNA binding proteins, Sm proin total (see Supplemental Tables S1 and S2 at http:// teins and hnRNPs, localize specifically to a novel www.cell.com/cgi/content/full/117/5/649/DC1). Among structure that precedes the formation of focal adhethese were many proteins already known to bind directly sions. This novel structure, which we have termed the or indirectly to one or more of the target proteins, indicatspreading initiation center (SIC), is present only in early ing that the immunoprecipitation strategy was working stages of cell spreading, is enclosed by an actin sheath, as expected. Table  S1 on the Cell website). Quantitation of all leucine-containing peptides identified revealed that only a small fraction of the 282 proteins bound differentially to one of the targets in attached versus floating cells. This fraction included many previously uncharacterized proteins such as HSPC117, KIAA0144, and KIAA1797 (see Supplemental Table S1 for differential ratios) that could potentially be novel participants in cell adhesion.
Many of the proteins identified with a ratio were not identified in all three IPs, but this would only be expected if the entire complement of each component were in a stoichiometric complex with the others. However, many of the complexes will be substoichiometric, and therefore a tertiary interaction (i.e., RACK1 interacting with paxillin via vinculin) is more difficult to detect since only a very small fraction of the tertiary interactor is present in the IP. In addition, detection of a protein in all three IPs would be expected only if vinculin, talin, and paxillin form a stoichiometric complex that engages all copies of each protein in the cell. In reality, only those proteins that have a direct attachment-dependent interaction with a given bait protein will appear in the immunoprecipitate of that bait. Those candidates can then be followed up using biochemical or microscopic methods.
RACK1 and Vinculin Localize to a Novel Structure in Actively Spreading Cells
Receptor for activated C kinase 1 (RACK1) is a cytosolic, WD-40 repeat protein that was originally identified based on its binding to activated protein kinase C (PKC) (Ron et al., 1994) and has recently been reported to play a role in integrin-mediated adhesion (Cox et al., 2003) . It has also been shown to bind integrins, and its overexpression inhibits cell migration and increases focal adhesion number (Buensuceso et al., 2001; Liliental and Chang, 1998). In this study, RACK1 was found to bind more strongly to vinculin from adhered cells and more strongly to talin from floating cells. The opposing behaviors for vinculin and talin binding may be due to RACK1 having some measurable affinity for talin regardless of the adherence state. When participating in adhesion it may, however, be more strongly associated with vinculin. Due to the interesting pattern of observed differential ratios and the fact that it had previously been shown to be interacting with proteins found in adhesion sites, we chose to explore RACK1's involvement in cell adhesion using indirect immunofluorescence and confocal microscopy. In fully attached cells (seeded on coverslips It seemed unlikely that the presence of RACK1 in the initial attachment and the possible role of RACK1 in these steps. To achieve this, MRC5 cells were nonenzyimmunoprecipitates could be attributable to the weak overlap in cytosolic staining observed between vinculin matically lifted from their substrate, maintained in suspension for 1 hr to allow focal adhesion complexes to and RACK1 since this would provide no obvious explanation for the attachment dependence of the interacdissociate, and then replated on coverglass to attach and begin spreading prior to processing for indirect imtions. A recent report (Cox et al., 2003) suggested that RACK1 colocalizes at the leading edge of migrating cells munofluorescence (see Experimental Procedures). Fluorescent confocal imaging of these cells revealed at with a subset of nascent focal adhesions that contain paxillin but not vinculin. Therefore, we explored the least three distinct stages of spreading that cells undergo after initial attachment. In stage 1, when the cells morphological changes that focal adhesion components undergo in the process of cell spreading after have spread to a diameter of ‫53ف‬ m, vinculin is not One of the main functions of focal adhesions is to act as anchors for the actin cytoskeleton: actin stress fibers stages 1 through to 3 to mean that cells progress through these stages in numerical order. We have normally terminate at focal adhesions. Given that spreading initiation centers precede mature focal adhetermed the distinctive patches "spreading initiation cen- sions, we then characterized the involvement of actin vertically through the cell, the focal adhesion staining decreases while the SIC staining begins and extends in SICs. Paxillin staining patterns were very similar to those seen for vinculin in all three stages of spreading more than 2 m above the bottom of the cell. Based on these observations, a model of a SIC in relation to stress described above (compare center panels of Figures 2B  and 3A) . However, actin was excluded from the SICs fibers and focal adhesions is illustrated in Figure 3D . Our observations also indicate that SICs are distinct themselves, instead forming a ring around them. In stage 1 cells, the actin cortex and stress fibers have started from podosomes, rosettes, and invadopodia, all of which are known adhesion-related structures. to form and the rings around the SIC are most prominent ( Figure 3A , top panels). As cells spread further, the Some of the other classical markers for focal adhesions include focal adhesion kinase (FAK), talin, and stress fibers, anchored to mature focal adhesions, become more apparent and although the number of SICs extensive tyrosine phosphorylation. SICs also contain talin (Supplemental Figure S1 ) and FAK (Supplemental generally decrease, they are still surrounded by actin rings ( Figure 3A , middle panels). In later stages of Figure S2A ), and while there is some detectable phosphotyrosine, it is not as strong as that seen in mature spreading, the SICs and their associated actin rings disappear and each mature focal adhesion has become focal adhesions (Supplemental Figure S2B ). an anchor point for an actin stress fiber ( Figure 3A , bottom panels). Three-dimensional imaging of the actin RNA Binding Proteins Localize to SICs Several unexpected proteins were observed differenrings revealed that they appear to be domes or sheaths of actin surrounding the entire SIC ( Figures 3B and 3C) . ).The particular strategy chosen here was not designed to give a comquantitative measurements of the radii of these cells revealed that those reagents that increased the number prehensive overview but instead to reveal attachmentspecific interaction partners of key focal adhesion of cells spreading also increased the average radii of those cells (Figure 8C) . components. The improving sensitivity of mass spectrometers combined with available genome data and improved search algorithms provide proteomic studies Discussion with ever-growing lists of identified proteins. However, these are also increasingly plagued with specificity isCell attachment has been studied intensively for 30 years, resulting in a great number of proteins being desues. To address these, we employed a functional screen that utilized the power of quantitative proteomics of rate control rather than as a switch that triggers the to specifically discover attachment-dependent interaccells to start spreading. In any case, the fact that these tions. The functional information indicated that, surprisreagents have an effect on cell spreading strongly sugingly, numerous RNA binding proteins are potentially gests that these proteins play a functional role in this involved in cell attachment and provided the impetus process. to study these surprising interactions. The emphasis of The Sm proteins identified here are also found in the this study was not a proteomic investigation of focal spliceosome but they do not have an enzymatic role in adhesions and as such we only followed up on a small that complex. An snRNP particle consists of the Sm number of these differentially binding proteins here. This protein core where the Sm proteins form a seven-memleaves many intriguing candidates that will require conbered ring structure around the snRNA (Kambach et al., firming experiments to establish their involvement, if 1999). Sm proteins have, therefore, merely a structural any, in cell adhesion (see Supplemental Tables for the role in that they bind the small, stable snRNAs; since complete list of proteins and their attachment ratios). the snRNAs and snRNP U1 do not appear to be present, In this study, we identified a novel structure, which it is unlikely that any splicing is occurring in SICs. The we have termed the spreading initiation center (SIC), hnRNP family is comprised of ‫02ف‬ proteins that were that appears during the early stages of cell spreading.
originally identified as binding mRNA in the cell nucleus; The protein composition of SICs and focal adhesions they possess various RNA binding domains that directly seems to be very similar with respect to classical focal interact with RNA, often in a sequence-specific manner adhesion components and related, known structures (Krecic and Swanson, 1999 , 2002) . Therefore, it is unlikely adhesions. SICs are also distinct from focal adhesions/ that the RNA binding proteins identified here are particifocal complexes on a structural level: (1) rather than pating in an RNA-processing event; rather, it is likely that containing actin themselves they appear to be surthey are bound to RNA in a protective or stabilizing role. rounded by an actin sheath, (2) they are found much
In the past few years, RNA has been implicated in further from the ventral membrane than are focal adhemany novel functions apart from its classical roles as sions (Figure 3) , (3) they are round rather than sharply tRNA, mRNA, and rRNA. Recently intense interest has defined, elongated structures like focal adhesions, and focused on microRNAs and small interfering RNAs (4) SICs contain RNA, making them ribonucleoprotein (siRNAs) because of their ability to silence genes at both complexes, while focal adhesions do not. Since ribothe transcriptional and translational levels (Pickford and somal RNA is present, it seems possible that there is Cogoni, 2003). Ribonucleoproteins also have roles that also translation of mRNA into protein, perhaps to fuel are not related to the transcription/translation process. the production of focal adhesions. This hypothesis corProtein folding is partially assisted by the signal recognirelates with our observation that SICs always seem to tion particle while multidrug resistance is thought to be form directly above classical focal adhesions where they mediated by the vault complex; both systems are large could be local protein factories producing the required and mostly cytosolic ribonucleoprotein complexes (Meli components of focal adhesions. However, our data indiet al., 2001). These and various other functions of RNA cate that actin and FAK mRNA are not among the mesfall into broad categories: gene regulation/silencing sages being translated, so, while beyond the scope of (miRNA, siRNA), ribosome maturation (snoRNA), and RNA this study, it will be interesting to determine which mesprocessing (snRNA, snoRNA), replication (telomerase sages are present. 2ϫ with 75% ethanol, dried for 5 min and the RNA diluted in Superscript buffer containing primers for U1, U2, U4, U5, and U6 snRNA (3 pmol). The samples were heated to 50ЊC and then dNTPs, Immunoprecipitations 32 P-dCTP, and Superscript II reverse transcriptase (Invitrogen) were Vinculin, talin, or paxillin antibodies were dialyzed against PBS and added. Samples were incubated at 42ЊC for 50 min and then the covalently attached to NHS-activated sepharose (Amersham). Five products were precipitated, washed, and separated on a urea-form-14 cm plates of LeuD3 cells were serum-starved for 18 hr, washed aldehyde acrylamide gel that was then dried and exposed to with PBS, placed on ice, and lysed in lysis buffer (20 mM Tris-HCl, X-ray film. pH 7.5; 50 mM NaCl; 1% NP40; 3 mM MgCl 2 ; 1 mM CaCl 2 ; 1 mM Na 3 VO 4 ; 10 mM NaF; 50 mM Na 4 P 2 O 7 ) plus protease inhibitors (EDTAfree Complete Tablets 
